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In this paper, we analyze the scattering of the neutrino beam on the polarized electron target, 
and predict the effects of two theoretically possible scenarios beyond the Standard Model. In both 
scenarios, Dirac neutrinos are assumed to be massive. 

First, we consider how the existence of CP violation phase between the complex vector V and 
axial A couplings of the Left-handed neutrinos affects the azimuthal dependence of the differential 
cross section. This asymmetry does not vanish in the massless neutrino limit. The azimuthal angle 
4> e i of outgoing electron momentum is measured with respect to the transverse component of the 
initial electron polarization r)^r . We indicate the possibility of using the polarized electron target 
to measure the CP violation in the f M e~ scattering. The future superbeam and neutrino factory 
experiments will provide the unique opportunity for the leptonic CP violation studies, if the large 
magnetized sampling calorimeters with good event reconstruction capabilities are build. 

Next, we take into account a scenario with the participation of the exotic scalar S coupling of 
the Right-handed neutrinos in addition to the standard vector V and axial A couplings of the Left- 
handed neutrinos. The main goal is to show how the presence of the R-handed neutrinos, in the 
above process changes the spectrum of recoil electrons in relation to the expected Standard Model 
prediction, using the current limits on the non-standard couplings. The interference terms between 
the standard and exotic couplings in the differential cross section depend on the angle a between 
the transverse incoming neutrino polarization and the transverse electron polarization of the target, 
and do not vanish in the limit of massless neutrino. The detection of the dependence on this angle 
in the energy spectrum of recoil electrons would be a signature of the presence of the R-handed 
neutrinos in the neutrino-electron scattering. To make this test feasible, the polarized artificial 
neutrino source needs to be identified. 

PACS numbers: 13.15.+g, 13.88.+e, 14.60.St 



I. INTRODUCTION 

Standard Model (SM) of electro-weak interactions 
IH 00 has a vector-axial (V-A) Lorentz structure p|, i.e. 
only left-handed (L-handed chirality states) and massless 
Dirac neutrinos may take part in the charged and neu- 
tral weak interactions. The observed CP violation in the 
decays of neutral kaons and B-mesons Q is described by 
a single phase of the CKM matrix. 

The vector g v and axial- vector g\ neutral current cou- 
pling constants are assumed to be real numbers, which 
means that Im(g v ) = Im(g 1 ^) — 0. The values of these 
two couplings are derived from neutrino electron scat- 
tering and from e + e~ —* l + l~ annihilation studies, but 
in the fitting procedure the imaginary parts are fixed to 
their Standard Model values. 



'Electronic address: ciechano@rose.ift.uni.wroc.pl 
^Electronic address: sobkow@rose.ift.uni.wroc.pl 
* Electronic address: misiaszek@zefir.if.uj.edu.pl 



However, in the general case of complex g v and g\ cou- 
plings, we have one additional free parameter: the rela- 
tive phase between these couplings denoted as /3y a ■ The 
CP-odd interference contribution enters the differential 
cross section for the scattering of left-handed neutrinos 
on the polarized electron target (PET), if | sin(/3y^)| ^ 0. 
The experimental measurement of the azimuthal angle 
(j) e r of outgoing electron momentum could be used to test 
the CP symmetry in lepton sector of electroweak interac- 
tions. The observation of asymmetry in the angular dis- 
tribution of recoil electrons, caused by the interference 
terms between the standard complex couplings would 
give additional information about the coupling constants. 

The magnetized sampling calorimeters (e.g. MINOS 
far detector) are composed of many steel leyers, which 
are magnetized using a coil through a hole in the center 
of the planes to an average field of about 1.5 T. In a piece 
of magnetized iron, there are lots of unpaired electrons 
all pointing the same direction. The Moeller polarime- 
ters determine the polarization of the electron beam by 
measuring the cross section asymmetry in the scattering 
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TABLE I: Current limits on the non-standard couplings 



Coupling constants 
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Current limits 
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l V l 
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\g%i 1 
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< 0.066 


T 

\9ll\ 








\9lr\ 





< 0.036 


\9rl\ 





< 0.122 


T 

\9rr\ 









dard couplings g v , g\. The main goal of the other part 
(Section III) is to show how the presence of the R-handed 
neutrinos, in the (v^e~) scattering process, changes the 
energy spectrum of recoil electrons in relation to the ex- 
pected SM prediction, using the current limits on the 
non-standard couplings Q ■ We concern the scattering of 
transversely polarized muon neutrino beam on the PET 
to probe ERWI effects and include a theoretical discus- 
sion of the possibility of developing such a beam. 

Our analysis is model-independent and is made in 
the massless neutrino limit. All the calculations are 
made in the limit of vanishing neutrino mass with the 
Michel- Wightman density matrices @ for the polarized 
incoming neutrino beam (Appendix C) and for the 
polarized electron target, respectively. We use the 
system of natural units with % = c = 1, Dirac-Pauli 
representation of the 7-matrices and the (+,—,—,—) 
metric 0. 



of polarized electrons by polarized electrons. Polarized 
electrons are scattered off a polarized ferromagnetic foil, 
and the foil polarization is determined by measurements 
of the magnetization of the foil and its thickness. So, 
there is the well-known and commonly used in accelera- 
tor physics technique for developing PETs. 

Although the SM agrees well with all experimental 
data up to available energies, the experimental precision 
of present measurements still does not rule out the pos- 
sible participation of the exotic scalar S, tensor T and 
pseudoscalar P couplings of the right-handed (R-handed 
chirality states) Dirac neutrinos beyond the SM . The 
current upper limits on the all non-standard couplings, 
obtained from the normal and inverse muon decay, are 
presented in the Table [I] 7J. In the SM, only g\ L is non- 
zero value. 

New effects due to the exotic right-handed weak inter- 
actions (ERWI) could be detected by the measurement of 
neutrino observables (NO) which consist only of the inter- 
ferences between the standard V — A and ERWI, and do 
not depend on the neutrino mass. The NO include the in- 
formation on the transverse components of neutrino spin 
polarization (TCNSP), both T-even and T-odd. These 
quantities vanish in the SM, so the detection of the non- 
zero values of the TCNSP would be a direct signature of 
the R-handed neutrino presence in the weak interactions. 
The scattering of intense and polarized neutrino beam, 
coming from the artificial neutrino source, on the po- 
larized electron target could detect the effects from the 
ERWI. Presently the measurement of such observables 
is only theoretically possible. We give an example how 
the polarized neutrino flux can be produced if the ex- 
otic scalar coupling Cg is present in the theory of muon 
capture interaction. 

The main goal of the first part of our paper (Section 
II) is to show that the differential cross section for the 
(v^e~) scattering of left-handed and longitudinally po- 
larized muon neutrinos on the PET may be sensitive to 
the CP- violating effects, if one assumes the complex stan- 



II. LEFT HANDED NEUTRINO SCATTERING 
ON A POLARIZED ELECTRON TARGET 

The Standard Model (SM) of electroweak interactions 
is based on the gauge group SU(2) x (1). The left-handed 

fermion fields ipi = (j-J an< ^ fd'*) °f ^ ne f erimon 
family transform as doublets under SU(2), where d! i = 
J2j Vijdj and V is the Cabibbo-Kobayashi-Maskawa mix- 
ing matrix. The vector and axial-vector couplings in SM 
are 



g v (i) = t%(i)-2q(i)sm 2 9 w 
9 L A {i) = *3(0 



(1) 



where t^(i) is the weak isospin of fermion i (+1/2 for 
Ui and Vi\ —1/2 for di and U), qi is the charge of tpi 
in units of e and 9w is the weak angle. Because of the 
model-dependent interpretation of the coupling constants 
values, they are assumed to be real numbers. For exam- 
ple, the total cross section for high energy neutral-current 
{v^e" ) scattering is 



2G F m e E Vli L2 



{9v A + 9 L a + 9v9a) > 



3tt 



(2) 



but in the model-independent (MI) analysis we obtain: 

aMi{vn + e~ — > Vf, + e~) ~ 
2G|m e ^ (| ^ |2 + + 

where g v — \g v \e %t3 v i = \g\\e lt3 A are the complex 
coupling constants, Re(g v g^*) = \g v \\g^\cos((3 VA ) and 
Pva = Py — Pa i s the relative phase between the g v and 
g\ couplings. 
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The effective vector and axiai- vector neutrai coupling 
constants obtained from the absolute neutrino-electron 
scattering event rate are 

g v ~ , g L A ~ ±0.5 or 
g v ~ ±0.5 , <?5 ~ . (4) 

However, from our MI expression one can see that 
the solution (with CP-violating phase): 

\g v \ = - 0.35 and Pva=±\ (5) 

provides to the same total cross section value as the SM 
fit 0. In the next subsection we present how the ex- 
istence of non zero fly a phase is related to CP-odd in- 
terference contribution in the differential cross section. 
The fermion-antifermion pair production cross-sections 
have only T-even contributions, but their experimental 
observations are essential to determine a single soultion 
from possible parameters Even if j3vA = the scat- 
tering of left-handed neutrinos on the PET provides a 
new approach to decide which of the two coupling types, 
(mainly) pure g\ or pure gy coupling, is realized in na- 
ture. This approach is model independent in contrast to 
e + e~ experiments which make the assumption that the 
neutral current is dominated by the exchange of a single 
Z°. 

As is well-known, CP violation has been observed only 
in the decays of neutral kaons and B-mesons. The Stan- 
dard Model describes the existing data by a single phase 
of the CKM matrix, [ljj. However, the baryon asymme- 
try of the Universe can not be explained by the CKM 
phase only, and at least one new source of CP violation 
is required |Tl|. The first direct confirmation of a time 



reversal violation has been published by CPLEAR Col- 
laboration in 1998 [ij. Many non-standard models take 
into account new CP-violating phases, and can be probed 
in observables where the SM CP-violation is suppressed, 
while alternative sources can generate a sizable effect, e.g. 
the electric dipole moment of the neutron, the transverse 
lepton polarization in three-body decays of charged kaons 
K + [lsJllJ], transverse polarization of the electrons emit- 
ted in the decay of polarized s Li nuclei There is no 
direct evidence of CP violation in the leptonic processes, 
i.e. a neutrino-electron scattering. However, the future 
superbeam and neutrino factory experiments will be 
able to measure the CP violating effects in the lepton sec- 
tor, where both neutrino and antineutrino oscillation will 
be observed. We indicate that the scattering of neutrinos 
on the PET has similar scientific possibilities. 



A. CP violation in standard ve scattering 

In this subsection, we consider the possibility of the 
CP violation in the v^e~ scattering, when the incoming 
muon neutrino beam consists only of the L-handed and 
longitudinally polarized neutrinos. We assume that these 
neutrinos are detected in the standard V — A NC weak 
interactions with the PET and both the recoil electron 
scattering angle 9' e and the azimuthal angle of outgoing 
electron momentum <j)' e shown in Fig. ^ are measured 
with a good angular resolution. Because we allow for 
the non-conservation of the combined symmetry CP, the 
amplitude includes the complex coupling constants de- 
noted as g v -,g\ respectively to the initial neutrino of L- 
chirality: 



V2' 



g y (?V7 Q Ue)(u^,7a(l - + 9 A (^e'l 7"«e) [u v 7 5 7a (1 ~ 7s)«^) 



(6) 



where u e and u e i {u Vlx and u v ,) are the Dirac bispinors and Im(g v g^*) = wx(/3va)), proportional to the 

of the initial and final electron (neutrino) respectively. magnitude of the transverse electron target spin polariza- 

G F = 1.16639(1) x 10~ 5 GeV~ 2 7] is the Fermi constant. tion, with r/ e ± q is of the form: 

The formula for the differential cross section includ- 
ing the CP-odd contribution (q • (fj e X p e i) is T-odd 



' d 2 a 
dyd(p' e 



(VA) 



E v m e G 2 F 
4tt 2 2 



\9v? 



(1-77,-q) \\g L A \ 2 



2m e 



y( - 2Vy) + -^y+(y~2)y + 2 



2m e 
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FIG. 1: Figure shows the reaction plane for the v^e~ scattering, f\ v - the unit 3-vector of the initial neutrino polarization in its 
rest frame, r)jr - the transverse electron polarization vector of target and the production plane of ^-neutrinos for the reaction 
of fx~ ~\~ p — ► 71 ~\~ Vf>b- In Section II, the scattering of left handed neutrinos is considered, which have no transverse polarization 
rj^r = 0. For the considerations described in Section III, the muon capture reaction is used as a source of transversely polarized 
neutrinos. 



Im(g v g A *)q - (fj e X p e >)\ y{ 



, 2m e 



V) 



(7) 



R<9v9a 



2m e 

v e ■ Pe'(y - + v) + ( 2 - y)y 



where f\ v ■ q = — 1 is the longitudinal polarization of the 
incoming L-handed neutrino, q - the incoming neutrino 
momentum, p e ' - the outgoing electron momentum, r) e - 
the unit 3-vector of the initial electron polarization in its 
rest frame, see Fig.l. The measurement of the azimuthal 
angle of outgoing electron momentum <fi e , is only possible 
when the electron target polarization is known. The po- 
larization vector for electrons is parallel to the magnetic 
field vector. The variable y is the ratio of the kinetic 
energy of the recoil electron T e to the incoming neutrino 
energy E v : 



2cos 2 



T, 



E v E v (1 + f^) 2 - cosH 



(8) 



It varies from to 2/(2+m e /E v ). 9 e i - the polar angle be- 
tween the direction of the outgoing electron momentum 
p e ' and the direction of the incoming neutrino momen- 
tum q (recoil electron scattering angle) , m e - the electron 
mass. 



After the simplification of the vector products and us- 
ing the complex number identities in the formula J7J) for 
the cross section, we obtain with fj e _L q the new form: 
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FIG. 2: Plot of the 4?r as a function of the azimuthal angle <f) e i for the (y^e ) scattering, E v — 1 GeV, y = 0.5, f\ v q = — 1 

and | = 1: a) the case of the pure and real axial- vector coupling i.e. g\ = 0.5 and g v — (solid line), b) the case of the pure 
and real vector coupling i.e. g\ = and g v — 0.5 (dotted line), c) CP violation, the case of the complex coupling constants 
\dv\ ~ \9a\ = 0.354 with the relative phase @va = § (dashed line). 



da 
dyd(f>' e 



E u m e G 2 F „ J ± lm e r , m e 
- r) v ■ qK \r£ U —y[2 - y(2 + —)} 



(VA) 



At: 2 2 



E,, 



EL 



(9) 



cos(^v) {2\g v \\g L A \co S {(3 VA )y + (2 - y)\g%\ 2 - y\g v \ 2 ) - 2\g^\\g^\cos(ct> e , + (3 VA ) 



(\9v\ 2 + Iffil 2 ) (y 2 ~ 2y + 2) + 2\g v \\g L A \cos(P VA )y(2 - y) - -J-y (| 5 £| 2 - \g^ 



It can be noticed that the interference terms between 
the standard gy A couplings depend on the value of the 
Pva phase. However, the angular asymmetry of recoil 
electrons is not vanishing even if flvA = 0. The CP- 
violating phase enters the cross section and changes the 
angle at which the number of recoil electrons will be max- 
imal {(^ ax ). 



III. SCATTERING OF TRANSVERSELY 
POLARIZED MUON NEUTRINO BEAM ON A 
POLARIZED ELECTRON TARGET 

So far the scattering of left-handed and longitudinally 
polarized neutrino beam on a polarized electron target 
(SLoPET) was proposed to probe the neutrino mag- 
netic moments [l?], flal and the flavor composition of a 
(anti)neutrino beam [l9| . 

There were also the ideas of using the scattering of 
transversely polarized neutrino beam on the unpolar- 
ized electron target to probe the nonstandard properties 
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of neutrinos. Barbieri et al. proposed to measure the 
azimuthal asymmetry of recoil electrons caused by the 
non- vanishing interference between the weak and electro- 
magnetic interaction amplitudes [2(], 0] • Ciechanowicz 
et al. 22) indicated that the azimuthal asymmetry of 
recoil electron event rates could be generated by the in- 
terference between the standard (V, A) l couplings of the 
L-handed Dirac neutrinos and exotic (S, T, P)r couplings 
of the R-handed ones in the laboratory differential cross 
section. All the terms with interference, proportional to 
the magnitude of the transverse neutrino polarization, 
do not vanish in the massless neutrino limit and depend 
on the azimuthal angle between the transverse neutrino 
polarization and the outgoing electron momentum. How- 
ever, in both cases, the neutrino detectors with a good 
angular resolution would have to measure both the re- 
coil electron scattering angle and the azimuthal angle of 
outgoing electron momentum. 

There exist the non-standard models, in which the ex- 
otic couplings of the Right-handed neutrinos can appear. 
We mean here three classes of such models; left-right 
symmetric models (LRSM), contacts interactions (CI) 
and leptoquarks (LQ). For example, the CI can be in- 
troduced both for the vector coupling of the L-handed 
neutrinos and scalar, tensor couplings of the R-handed 
ones, j2^|. Such interactions would allow to probe the 
scale for compositcness of quarks and leptons. As to the 
LQ models, if the R-handed neutrinos are taken into ac- 
count, there are possible couplings of these neutrinos to 
the scalar and vector LQ, J23J. An original discussion 
concer ning the LQ did not allow for the R-handed neu- 
trinos, [24j. Left-right symmetric models were proposed 
to explain the origin of the parity violation, [251 [26J. 
In such models the R-handed neutrino can couple to R- 
handed gauge boson with a mass larger than for the ob- 
served standard boson (mi = 80GeV). Recently TWIST 
Collab. [27j has measured the Michel parameter p in 
the normal p + decay and has set new limit on the 
Wl — Wr mixing angle in the LRSM. Their result p = 
0.75080 ± 0.000U(stat.) ± 0.00093(sysi.) ± 0.00023 is in 
good agreement with the SM prediction p = 3/4, and sets 
new upper limit on mixing angle |%| < 0.030 (90% CL). 

In this part of our paper we show that the scattering 
of transversely polarized muon neutrino beam on a po- 
larized electron target (SToPET) may be sensitive to the 
interference effects between the L- and R-handed neutri- 
nos in the differential cross section for the (t^e - ) scat- 
tering process. Our analysis is made for the case, when 
the outgoing electron direction is not observed. It means 
that the azimuthal angle of the recoil electron momentum 
would not be measured and nevertheless the new effects 
could be observed. We consider the minimal extension 
of the standard V — A weak interaction to indicate the 



new tests of the Lorentz structure of the charged- and 
neutral-current weak interactions. An admittance of all 
the ERWI does not change qualitatively the conclusions 
from the investigations. 

To show how the recoil electron spectrum may de- 
pend on the angle between the transverse neutrino po- 
larization and transverse target electron polarization, we 
use the muon neutrino beam produced in the reaction 
where the proton at rest captures the polarized muon 
(p~ +p — > n+Vfj), see Appendix A. The production plane 
is spanned by the direction of the initial muon polariza- 
tion P M (the muon is fully polarized, i.e. |P^| = 1) and 
of the outgoing neutrino momentum q, Fig. ^ P M and 
q are assumed to be perpendicular to each other because 
this leads to the unique conclusions as to the possible 
presence of the R-handed neutrinos. When admitting ad- 
ditional exotic scalar coupling Cg in muon capture inter- 
action, Eq. (A.l), the outgoing muon-neutrino flux is a 
mixture of the L-handed neutrinos produced in the stan- 
dard V — A charged weak interaction and the R-handed 
ones produced in the exotic scalar S charged weak in- 
teraction (the transition amplitude and the neutrino ob- 
servables are presented in Appendix A). This mixture is 
detected in the neutral current (NC) weak interaction. 
We mean that the incoming L-handed neutrinos are de- 
tected in the standard V — A neutral weak interaction, 
while the initial R-handed ones are detected in the exotic 
scalar S one. Then in the final state all the neutrinos are 
L-handed. Below we give the transition amplitude for 
this type of neutral current: 

G p 

E = ^ 7 " ^ ~9Al5)u e ) (U V 7a (1 ~ 75Hv ) 

+ ±g§ (« e ,u e )(u v (l + 75KJ}, (10) 

The coupling constants are denoted with the superscripts 
L and R as g v , g\ and g$ respectively to the incoming 
neutrino of L- and R-chirality. Standard couplings <?y, 
g\ are assumed to be real, i. e. f3y = 0, fi\ = 0. 



A. Laboratory differential cross section 

Because we consider the case when the outgoing elec- 
tron direction is not observed, the formula for the lab- 
oratory differential cross section is presented after inte- 
gration over the azimuthal angle <f> e i of the recoil elec- 
tron momentum. The result of the calculation performed 
with the amplitude M u e , in Eq. (|10l) . is divided into 
three parts, standard (V,A), exotic (S) and interference 
(VS + AS): 



with, 



(I) 



(V,A) 



^^(1 " Vu ■ q){ ( 9v + <tf )* (1 + ^7e • q) + - id) 



1 - (*7e • q) 1 



y 



Eu (l-y). 



l 2 - (5i) 2 ] (l + r) e -q)^yk 



(i-y) 2 

(12) 



where, r\ v ■ q is the longitudinal polarization of the incoming L-handed neutrino. We shall point out that the standard 
(SM) part has been already published in Ref. The exotic part of the cross section may contribute merely for the 
R-handed neutrino scattering (f\ v ■ q ~ +1): 



dy) 



Ei/Tfi e G^p 



(S) 



2n 



(i + ^-q)l55T« + y )y, 



(13) 



In the interference part we have angular correlations with the transverse component of the neutrino polarization r\^j , 
both T-odd and T-even. The correlation coefficients depend linearly on the exotic coupling constant g<j . Hence, this 
contribution could be a tool suitable to investigate the effects due to scalar interactions of the R-handed neutrinos: 



da\ 

dy~) 



(VS+AS) 



E u m e G 2 F I . I i \ 



Im{9v9s) ( 1 + i^rV ) + 1^9 a9s) ( 1 



2E, 



-G/-4) 



Re(9v9§*) ( 1 + 77^y ) + M9A9T) I 1 - ^-(tf - 4) 



2E„ 



2E U 



(14) 



It can be noticed that the occurrence of the interference 
terms between the standard gy A and exotic g$ couplings 
does not depend on the neutrino mass and they pertain in 
the massless neutrino limit. The independence on the m v 
makes the measurement of the relative phases between 
these couplings possible. The terms with the interference 
between the standard gy a an d exotic g^ couplings, Eqs. 
(|14fl . include only the contributions from the transverse 
component of the initial neutrino polarization r\^j and 
the transverse component of the polarized electron target 
77^- . Both transverse components are perpendicular with 
respect to the q. 

If one assumes the production of only L-handed neu- 
trinos in the standard (V — A) and non-standard S weak 



interactions, there is no interference between the g v A 
and gg couplings in the differential cross section, when 
m v — > 0. We do not consider this scenario. 



B. CP conservation in ve scattering at low-energy 



In this subsection, we will consider the CP-symmetric 
scenario with the standard (V — A)l and Sr weak inter- 
actions. From the general formula for the cross section, 
we get with fj e _L q for \r]^\ = 1: 



da 
dy 

da 

(jjjXvS+AS) 



da da da 

( ^ )( ^ A) + ( ^ )(5) + ( ^ )(yS+AS) ' 



E v m R G\ 



47T 



2 y|^|cos(a)| 5 f|{(l + ^)|^| 



(l-2#(»-4))|ffS|}, 



(15) 
(16) 



where (da / dy) (y,A) , (da/dy)^ are given by Eqs. i|12U13|) see that the CP-even interference terms enter the cross 
and a is the angle between the r\^j and T]^~, Fig. 1. We 
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FIG. 3: Plot of the ^ as a function of y for the (z/ M e ) scattering after integration over (j> e i, E v = 100 MeV: a) SM with 
the L-handed neutrino (solid line), b) CP conservation, the case of the exotic S coupling of the R-handed neutrinos for a — 
(long-dashed line), a = 7r (short-dashed line) and a = n/2,3n/2 (dotted line), respectively, c) c) CP violation, the case of the 
exotic S coupling of the R-handed neutrinos for a + Pvs = and a + Pas = (long-dashed line) , a + Pvs = it and a + Pas = tt 
(short-dashed line), respectively. 



section and will be large at the a — 0, 7r, and they vanish 
for a = 7r/2,37r/2. 

Analyzing the assumption that the R-handed neutrinos 
are created and detected in the exotic S weak interaction, 
we have used the same upper limit on the NC coupling 
as for the /^-capture coupling Cg , i.e. \g§\ < 0.974, if al- 
lowing for the qualitative argument of weak interactions 
universality. Moreover, with the presence of the exotic 
scalar coupling \gg \ = 0.974, we have shifted the numer- 
ical values of the V and A couplings to the new ones: 
g^ = -0.041, g% = -0.517, which still lie within the ex- 
perimental bars on the SM results: g v = -0.040 ±0.015, 
g\ = -0.507 ± 0.014 Q, when f\ v ■ q = -1. Indepen- 
dently, in Appendix A, we have estimated the trans- 



verse and longitudinal components for the neutrino in 
^i-capture: \f\^\ — 0.318, f\ v ■ q = —0.948. Finally, with 
these estimates and the couplings gy , g£ and the 
correlation coefficients, Eq. i|ltj|) . an d the cross section, 
Eq. ||TJ , have been calculated in order to show the effect 
coming from the R-handed muon-neutrinos. 

C. CP violation in ve scattering at low-energy 

In this subsection, we analyze the case of the violation 
of combined symmetry CP. The formula for the differen- 
tial cross section including the interference contribution 
between the standard (V — A)l and exotic Sr weak in- 
teractions with )) e lq for \rj^\ = 1 is of the form: 



da 
dy 

do 



,da /da . da . 

( ^ )(1/ " 4) + ( ^ )(S) + ( ^ )(yS+ ' 4S) ' 



(17) 



■^^y|»rt£K(i + ^v)\9v\ «»(<* + p vs ) + (i - ^-{y - 4)M| cos (a + mui8) 

I 



where Pvs = Py — 0§ > Pas = Pa ~ Ps are the re l a_ respectively, 
tive phases between the g v , g$ and g\, g^ couplings, 



9 



It can be seen that the CP-odd interference contribu- 
tion enters the cross section and will be substantial at 
the a + Pvs = 0, 7r and a + Pas — 0, 7T, and it vanishes 
for the a + Pvs = f/2 and a + Pas = 7r /2, respectively. 
The situation is illustrated in the Fig. [3] for the same 
limits as for the CP-symmetric case with E v = 100 MeV 
(long-dashed and short-dashed lines, respectively). The 
phases Pvs and Pas i n Eq. (|18|l , when different from or 
7T, may result from CP-violation in NC weak interaction 
(v^e"). The angle a is defined in accordance with Fig. 
1 and relates the direction of r;^ to the direction of . 
So with the proper choices of a, the phases Pvs and Pas 
could be detected by measuring the maximal asymmetry 
of the cross section da/dy. 

On the other hand, if knowing these phases prior 
to (^ M e~) scattering, it would be possible to test CP- 
symmetry in muon capture. In case of CP-violation, 
the neutrino transverse polarization vector r/^ would be 
turned aside from the production plane (q, P M ), hav- 
ing the CP-breaking component < S„ • (P M x q) >^ see 
Fig. 1 and Eq. (A3). For illustration purposes let us 
take Pvs = Pas = (i.e. CP-symmetry in v^e~). Next, 
we measure the angular correlation rj^r ■ rjj; ~ cos(a), in 
order to see the direction of rjjr along which the maxi- 
mal asymmetry is oriented. If this direction were turned 
aside from P M , it would be evidence for CP-breaking. 

IV. CONCLUSIONS 

In the first part of the paper, we show that the SLoPET 
can be used to measure the CP violation in the pure 
leptonic process, Fig. 2. The azimuthal asymmetry of 
the recoil electrons does not depend on the neutrino mass 
and is not vanishing even if Pva = 0. The CP-breaking 
phase Pva could be detected by measuring the maximal 
asymmetry of the cross section. The future superbeam 
and neutrino factory experiments will provide the unique 
opportunity for the leptonic CP violation studies, if the 
large magnetized sampling calorimeters with good event 
reconstruction capabilities are build. 

In the second part, we show that the SToPET may 
be used to detect the effects caused by the interfering 
L- and R-handed neutrinos. In spite of the integration 
over the azimuthal angle <f> e i of the recoil electron mo- 
mentum, the terms with the interference between the 
standard (V, A)l and exotic Sr couplings in the labora- 



tory differential cross section depend on the angle a, Fig. 
1, between the transverse incoming neutrino polarization 
and the transverse electron polarization of the target and 
are present even in the massless neutrino limit. The ob- 
servation of the dependence on this angle a in the recoil 
electron energy spectrum would be a clear signal of the 
R-handed neutrinos in the ve scattering. 

It can be noticed that the disagreement with the SM 
would be substantial for the small polar angle 9 e ', both 
for the CP-even and CP-odd cases, Fig. 3. 

To search for the effects connected with the ERWI, the 
strong polarized neutrino beam and the polarized elec- 
tron target is required. The electron target should be 
polarized perpendicular to the direction of the incoming 
neutrino beam, fj e ■ q = 0, because it leads to the unique 
conclusions as to the R-handed neutrinos. If one has 
the polarized artificial neutrino source, the direction of 
the transverse neutrino polarization with respect to the 
production plane will be fixed. So having the assigned 
direction of the polarization axis of electron target and 
turning the polarization axis of neutrino source, the de- 
pendence of the event number on the angle a could be 
tested. 

It seems worthy of exploring high energy region in the 
L- and R- handed neutrinos interference. Because of the 
angular correlation between the transverse spin polariza- 
tions of the neutrino and electron and at the large kinetic 
energy transfer to the recoil electron, we see strong an- 
gular asymmetry in the cross section da/dy for the small 
values of the polar recoil angle, see Eq. i|16l 118)) . We 
expect for this fact some interest in the accelerator lab- 
oratories working with neutrino beams, accompanied by 
the progress in the spin polarization engineering. For the 
future outline, we shall inspect the other examples, which 
could be interesting from the point of observable effects 
caused by the exotic neutrino states. We plan to work 
mainly on the weak interaction processes that are known 
from experiment or have been already under considera- 
tion in the literature. 
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APPENDIX A: MUON CAPTURE BY PROTON 

The amplitude for the muon capture by proton (jx~+p — > n+v^), as a production process of massive muon-neutrinos, 
is commonly of the form: 

M v- = ( C V + 2Mg M ){u v "f\{l - j5)Uf,)(u n -f X u p ) + {C L A + m ll -—gp){u v i^x{l - J 5 ) u ^)(u n ij 5 j x u p ) 
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+ C s i {u v {l- lb )u^){u n u p ), (Al) 

where the fundamental coupling constants are denoted as Cy, C\ and Cg respectively to the outgoing neutrino of 
L- and R-chirality. Since we do not preclude the CP-asymmetry between SM and exotic sectors, we allow for these 
coupling constants to be the complex numbers. gM, Qp - the induced weak couplings of the left-handed neutrinos, i.e. 
the weak magnetism and induced pseudoscalar, respectively; m M , q, E v , ttl Ui M - the muon mass, the absolute value 
of the neutrino momentum, its energy, its mass and the nucleon mass; u p , u n - the Dirac bispinors of initial proton 
and final neutron; it^, u v - the Dirac bispinors of initial muon and final neutrino. 

Following the results of Ref. 2.8], in the case of non- vanishing neutrino mass (m v ^ 0), we take the transverse 
components of the neutrino spin polarization, T-even: 



= |P„|{(1 + JLJL)Re((Cb + 2Mg M )Cj?) + ~(|^ + 2Mg M \ 2 -\C L A + n,,,^;,, \ C'J \ 2 }\. . A2 , 



and T-odd: 



< S„ • (P, x q) > f = -|P M |( J- + ^)Im((Ct + 2Mg M )C$*)- 



(A3) 



Here, S„ is the neutrino spin operator, s = 1/2 is the neutrino spin; P^ is the unit vector of the muon polarization in 
the muonic atom Is state, and q is the unit vector of the neutrino momentum. P p and q are perpendicular to each 
other, P M • q = 0. 

It can be noticed that in the limit of vanishing neutrino mass, these observables consist only of the interference term 
between the standard Cy coupling and exotic Cg one. There is no contribution to these observables from the SM in 
which neutrinos are only L-handed and massless. The neutrino mass terms, m u /E^, in the above observables give a 
very small contribution in relation to the main one coming from the interference terms and they are neglected in the 
considerations. As the induced weak couplings enter additively the fundamental Cy A couplings, they are omitted in 
the considerations, for their presence does not change qualitatively the conclusions concerning the transverse neutrino 
polarization. 

Using the current data 0, we calculate the lower limits on the SM couplings: \Cy\ > 0.850(4Gf/v / 2) cos# c and 
\C A \ > 1.070(4Gf/\/2) cos6> c , and upper limit on the exotic scalar: \C§\ < 0.974(4Gf/\/2) cos0 c . Now, we may give 
the upper bound on the magnitude of the transverse neutrino polarization in the massless neutrino limit: 



1^1 



- \/< S, 

s 



(P M X q) > + < • P, 



2 

> . 



(A4) 



The transverse components, Eqs. (A. 2) and (A. 3), are calculated with the amplitude M^- and normalized with the 
/i-capture probability < 1 >f : 



1^1 



Cf 



C L 



1 



—) 

2MJ 



M 



3 



M 



C L 



C L 



C§ 



- 2- 



M 



C L 



C L 



cos(a^y) 



(A5) 



After inserting from above the limits on coupling constants and with the relative phase between the standard C\ and 



Cy couplings a 



L 

AV 



a, 



under the condition that \rj v \ = 1, one obtains; 



the value of the longitudinal neutrino polarization is equal to f\ v ■ q = —0.948. 



1^1 



< 0.318, which means that 



APPENDIX B: FOUR- VECTOR NEUTRINO POLARIZATION AND MICHEL- WIGHTMAN DENSITY 

MATRIX 

The formulas for the 4-vector of the massive neutrino polarization S in its rest frame and for the initial neutrino 
moving with the momentum q, respectively, are as follows: 

(Bl) 



(o,^), 




Vu ■ q 








m v 


•q), 


E v . . 
— KVu 


■ q)q 



s ' = ^(^-q), (B3) 

S' = — (^q)q + ^-(^-q)q, (B4) 
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where 17^ - the unit vector of the initial neutrino polarization in its rest frame. The formula for the Michel- Wightman 
density matrix § is given by: 



A< s > = J2 u ^r ~ [(^7m) + m v + 75(^ V 7m)(^7m) + J5(S'^)m„] 

(f)i> ■ q)q 



r=l,2 

fiu ■ q 



(^7m) " iv» 



E V (E V + m v ) 



7- 



m » - i~ (v» ■ q)q x / a s 



^ • q 



• q)q 

E u {E v + m u ) 



•7, 



and in the limit of vanishing neutrino mass m„, we have 

fj v ■ q 



lim Af/) 

ro„->0 



1+75 



(<f 7m) • 



r 



(B5) 

(B6) 
(B7) 
(B8) 

(B9) 



We see that in spite of the singularities m v 1 in the po- hnite including the transverse component of the neutrino 
larization four- vector 5', the density matrix remains s P m polarization. 



[1] S. L. Glashow, Nucl. Phys. 22 (1961) 579. 

[2] S. Weinberg, Phys. Rev. Lett. 19 (1967) 1264. 

[3] A. Salam, in: N. Svartholm (Ed.), Elementary Particle 

Theory, Almquist and Wiksells, Stockholm, 1969. 
[4] R. P. Feynman, M. Gell-Mann, Phys. Rev. 109 (1958) 

193; 

E. C. G. Sudarshan, R. E. Marshak, Phys. Rev. 109 
(1958) 1860. 

[5] J.H. Christenson, J.W. Cronin, V.L. Fitch, R. Turlay, 

Phys. Rev. Lett. 13 (1964) 138; B. Aubert et al., Phys. 

Rev. Lett. 87 (2001) 091801; K. Abe et al., Phys. Rev. 

Lett. 87 (2001) 091802. 
[6] DELPHI Collaboration, P. Abreu, et al., Eur. Phys. J. C 

16 (2000) 229. 

[7] S. Eidelman et al., Review of Particle Physics, Phys. Lett. 
B 592 (2004) 1. 

[8] L. Michel, A. S. Wightman, Phys. Rev. 98 (1955) 1190. 

[9] F. Mandl, G. Shaw, Quantum field theory, Wiley, Chich- 
ester, 1984. 

[10] M. Kobayashi, T. Maskawa, Prog. Theor. Phys. 49 (1973) 
652. 

[11] A. Riotto, M. Trodden, Annu. Rev. Nucl. Part. Sci.49 
(1999) 35. 

[12] CPLEAR Collaboration, A. Angelopoulos et al., Phys. 

Lett. B 444 (1998) 43. 
[13] T. D. Lee, Phys. Rev. D 8 (1973) 1226. 
[14] S. Weinberg, Phys. Rev. D 42 (1990) 860; R. Garisto, G. 

L. Kane, Phys. Rev. D 44 (1991) 2038; G. Belanger, C. 

Q. Ceng, Phys. Rev. D 44 (1991) 2789; G. H. Wu, J. N. 

Ng. Phys. Lett. B 392 (1997) 93; E. Gabrielli, Phys. Lett. 



B 301 (1993) 409. 
[15] R. Huber et al., Phys. Rev. Lett. 90 (2003) 202301-1. 
[16] S. Geer, Phys. Rev. D 57 (1998) 6989; Phys. Rev. D 59 

(1999) 039903. 

[17] T. I. Rashba, V. B. Semikoz, Phys. Lett. B 479 (2000) 
218. 

[18] V. N. Trofimov, B. S. Neganov, A. A. Yukhimchuk, Phys. 

At. Nucl. 61 (1998) 1271; B. S. Neganov, et al., Phys. At. 

Nucl. 64 (2001) 1948. 
[19] P. Minkowski and M. Passera, Phys. Lett. B 541 (2002) 

151. 

[20] R. Barbieri, G. Fiorentini, Nucl. Phys. B 304 (1988) 909. 
[21] S. Pastor, J. Segura, V. B. Semikoz, J. W. F. Valle, Phys. 

Rev. D 59 (1998) 013004. 
[22] S. Ciechanowicz, M. Misiaszek, W. Sobkow, Eur. Phys. 

J. C 33 (2004) 561. 
[23] J. Govaerts, J.-L. Lucio-Martinez, Nucl. Phys. A 678 

(2000) 110. 

[24] W. Buchmiiller, R. Riickl, D. Wyler, Phys. Lett. B 191 

(1987) 442; S. Davinson, D. Bailey, B. A. Campbell, Z. 

Phys. C 61 (1994) 613. 
[25] J.C. Pati, A. Salam, Phys. Rev. D10 (1974); R. Mohap- 

atra, J.C. Pati, Phys. Rev. D 11 (1975) 566; Phys. Rev. 

D 11 (1975) 2558; R.N. Mohapatra, G. Senjanovic, Phys. 

Rev. D 12 (1975) 1502; Phys. Rev D 23 (1981) 165. 
[26] M.A.B. Beg et al., Phys. Rev. Lett. 38 (1977) 1252. 
[27] TWIST Collaboration, J. R. Musser et al., 

hep-ex/0409063 
[28] W. Sobkow. Phys. Lett. B 555 (2003) 215. 



